responded to the fibrils. In gain-of-function experiments, B-1a cells, adoptively transferred to μMT mice with EAE, restored their therapeutic efficacy when Amylin 28-33 was administered. Stimulation of adoptively transferred bioluminescent MΦs and B-1a cells by amyloid fibrils resulted in rapid (within 60 min of injection) trafficking of both cell types to draining lymph nodes. Analysis of gene expression indicated that the fibrils activated the CD40/B-cell receptor pathway in B-1a cells and induced a set of immune-suppressive cell-surface proteins, including BTLA, IRF4, and Siglec G. Collectively, these data indicate that the fibrils activate B-1a cells and F4/80 + MΦs, resulting in their migration to the lymph nodes, where IL-10 and cell-surface receptors associated with immune-suppression limit antigen presentation and T-cell activation. These mechanisms culminate in reduction of paralytic signs of EAE.
amyloid fibrils | B-1a lymphocytes | experimental autoimmune encephalomyelitis | immune suppression | IL-10 A myloid fibrils, composed of hexapeptides, when injected into the peritoneum of mice stimulate an immune-suppressive response of sufficient magnitude to reduce the paralytic signs of experimental autoimmune encephalomyelitis (EAE) (1, 2) . Analysis of the differential gene-expression pattern in peripheral blood mononuclear cells revealed the amyloidogenic peptides (e.g., Tau 623-628) induced a type 1 interferon (IFN) response. Plasmacytoid dendritic cells were the source of type 1 IFN, which was induced by NETosis arising from neutrophil endocytosis of the amyloid fibrils. Production of the type 1 IFN was therapeutic in Th1-induced adoptive transfer EAE, but exacerbated the paralytic signs of Th17-induced disease, consistent with experiments by Axtell et al. (3) . However, not all amyloidogenic peptides induced equivalent amounts of type 1 IFN. The induction of type 1 IFN appeared to correlate with the amount of fibril formation as measured by thioflavin T. A set of peptides with a polar fibril interface (e.g., Amylin 28-33) did not form measurable amounts of fibrils in physiological buffers, induced minimal amounts of type 1 IFN, but nevertheless were therapeutic, reducing IFN-γ, TNF-α, and IL-6 production by peripheral blood mononuclear cells, and thus providing evidence of a second immune-suppressive pathway (2) . Further proof of the importance of this second immunesuppressive pathway was the ability of amyloidogenic peptides to be therapeutic in IFN-α/βR −/− animals with EAE (2). To better define this second immune-suppressive pathway, the induced effects of the amyloid fibrils at the site of injection in the peritoneum were investigated. The peritoneal cavity contains a variety of specialized cells, including two types of resident macrophages (MΦs), large peritoneal MΦs (LPM) (CD11b , representing ∼90% of peritoneal MΦs. The B-1a and MΦs (LPM+SPM) each comprise ∼30% of the total peritoneal cells (4) . Several groups have established that B-1a lymphocytes are distinguishable from the more plentiful B-2 lymphocytes and are enriched in body cavities (5) . The chemokines and integrins, which are responsible for B-1a localization to the peritoneal cavity and their exodus when activated, have also been defined (6, 7) . The B-1a cell population is notable for its constitutive expression of IL-10 (8-10), a well-established immune-suppressive cytokine. IL-10-producing B cells, B10 cells, were shown initially by Janeway and colleagues to be necessary for the recovery from the signs of EAE (11) and were demonstrated subsequently to be immune-suppressive in animal models of multiple sclerosis (12, 13) , inflammatory bowel disease (14) , collagen-induced arthritis (15) , lupus (16) , stroke (17) , insulin resistance (18) , and allergic airway Significance IL-10-secreting B lymphocytes and peritoneal macrophages are activated by immunization with amyloid fibrils composed of short peptides resulting in reduction of paralysis and inflammation in mice with experimental autoimmune encephalomyelitis. B-celldeficient μMT mice and IL-10 knockout animals were used to establish the critical role of regulatory B cells in the therapeutic mode of action. Reintroduction of B-1a lymphocytes into the μMT animals reconstituted the ability of the fibrils to ameliorate the paralytic signs, leading to the trafficking of both populations of cells from the peritoneum to secondary lymph organs and not to the CNS. The reduction in CNS inflammation, combined with successful intranasal administration, provides support that this strategy could be translated into an effective human therapeutic.
disease (19) . The B10 cells in many of these studies were isolated from the spleen and not the peritoneal cavity, but several authors have argued the similarity of the cell types. Although not identical, the different cells appear to be physiologically similar (20) (21) (22) .
Maximal immune suppression by B10 cells is observed after the cells are activated through Toll-like receptor (TLR) (12, 23) , CD40 (16), or IL-21 ligation (24), all of which induce both an increase in IL-10 production and an egress of the cells from the peritoneum into secondary lymph organs (21, 25) . Reduction of symptoms in each of the inflammatory autoimmune diseases correlated with reduction of TNF-α, IL-6, and IFN-γ, a pattern similar to that seen with the administration of the amyloidogenic peptides.
Results
Amyloid Fibrils Are Endocytosed by Peritoneal B Cells and MΦs.
Amyloid fibrils are endocytosed by MΦs, dendritic cells, microglia, and neutrophils (26) (27) (28) (29) (30) . To determine whether peritoneal cells bind the amyloid fibrils, fluorescently labeled Tau 623-628 was mixed with unlabeled peptide at a 1:10 ratio, and the resultant fibrils injected in the peritoneum of healthy, wild-type C57BL/6 mice. After 20 min the peritoneal cells were collected by lavage, stained with anti-CD19 and anti-F4/80, and layered on poly-lysine-coated slides. Confocal microscopy was performed and revealed the presence of intracellular fluorescent fibrils, suggesting that the fibrils were bound and were endocytosed by both B cells (CD19 + ) and MΦs (F4/80 + ) ( Fig. 1 A-C and Movie S1). Viewing multiple fields revealed that the majority of the fluorescent fibrils were bound by F4/80 + cells, with a smaller percentage binding CD19 + B cells. Analysis of peritoneal cells isolated from mice injected with the fluorescent amyloid fibrils by flow cytometry confirmed and extended the microscopic study. The composition of the various cell types in the peritoneum can be delineated using 10-color, 12-parameter highdimensional analysis (Fig. S1 A and B) . When the peritoneal MΦs (both SPM and LPM), mast cells, T, B-2, and B-1 lymphocytes are delineated with antibodies against CD11b, CD5, and CD19, a more complex pattern of uptake and trafficking is apparent (Fig. 1D) . Within 10 min of the FITC-Tau injection more than 70% of the B-1 and B-2 lymphocytes and LPM are FITC + . T lymphocytes and mast cells are minimally stained, demonstrating specific binding or uptake by B cells and MΦs. Five hours after injection of the amyloid fibrils an interesting pattern emerges. The majority of the CD11b hi population is significantly reduced from ∼45-3% of total peritoneal cells (Fig. S1C) . Most of the B-1a population has disappeared, with the remaining cells being FITC-Tau − (Fig. S1D ). The majority of T lymphocytes and mast cells remained unstained with the fibrils. Collectively, the flow cytometry studies revealed that B cells and MΦs bind the fibrils, and that the relative number of B-1a lymphocytes (CD19 hi CD5 + ) and the LPMs (CD11b hi ) was dramatically reduced 5 h after injection of the amyloid.
We asked if fibrils were selectively toxic to the B-1a and LPMs. This theory was ruled unlikely when no cell death was observed when the peritoneal cells were cultured in vitro with the fluorescent amyloid (Fig. S2) . Rather than killing the cells, a testable hypothesis was that the fibrils induced the exodus of the two cell populations from the peritoneum.
μMT and IL-10 Knockout Mice Do Not Respond to Therapy. To determine the importance of B lymphocytes in the mode of action of the amyloid fibrils, EAE was induced in μMT mice, which because of a mutation in the transmembrane region of IgM lack expression of all subtypes of B cells (31) . The paralytic signs of the disease were induced in these animals, consistent with induction of the disease by T lymphocytes, but neither Tau 623-628, nor Amylin 28-33 was therapeutic compared with the effect seen in wild-type mice (Fig. 2  A-C) . The therapeutic activity of the amyloidogenic peptides appeared to require the presence of B cells, most likely B-1a cells based on the composition of the peritoneum and the microscopy.
B-1a cells are characterized by the constitutive expression of relatively large amounts of IL-10 (9, 10). To establish whether this cytokine was central to therapeutic effects of the peptides and to correlate the activity with this B-cell subtype, 10 μg Amylin 28-33 was used to treat EAE induced in IL-10 knockout animals ( Fig. 2 D and E) . Again, the peptide was ineffective in this animal model, establishing that both IL-10 and B lymphocytes are central to the therapeutic activity of the amyloidogenic peptides. + ) were purified by cell sorting. EAE was induced in μMT mice and, on day 10 after induction, before the appearance of clinical signs, the mice were injected in the peritoneal cavity with purified B-1a cells (3.5 × 10 5 cells). The mice were divided into two groups and treated daily with Amylin 28-33 (10 μg) or buffer alone (Fig. 2F) . μMT mice induced with EAE that did not receive B-1a cells but were treated with Amylin 28-33 were used for comparison. Interestingly, only mice that received the transfer of B-1a cells treated daily with the amyloidogenic peptide exhibited reduced paralytic signs of EAE. Adoptive transfer of untreated B-1a cells was as ineffective as buffer control, establishing not only the importance of B-1a cells but that the cell population needs to be activated by the fibrils to be effective. This finding corroborates studies that regulatory B cells are more potent suppressors of autoimmunity than their nonactivated counterparts (24, 32) . 5 and 2 × 10 5 B-1a cells were injected into the peritoneum of C57BL/6 female albino mice, followed by injection of 10 μg of Tau 623-628 to activate the lymphocytes, and 300 μg/g body weight of the substrate luciferin, to initiate the enzyme-substrate reaction for the bioluminescence imaging. The location of the luciferase-expressing cells was monitored by imaging the mice every 5 min for 75 min ( Fig. 3A and Fig. S3 ). The diffuse distribution of the luminescence, corresponding to the peritoneal cavity, seen at early times, was reduced in intensity over time, with focal regions of intensity appearing to localize in inguinal lymph nodes beginning at 35 min (Fig. 3A) . Measuring the total number of photons per second in the abdominal region revealed a rapid, dose-dependent, reduction of light emitted over the 75 min of the experiment (Fig. 3B) . Even though the size of the signal was proportional to the number of cells injected, the rate of reduction or slope of the curve was equivalent in the two animals. Such a result is consistent with the amyloid fibrils triggering egress of the B-1a cells from the peritoneum.
The experimental design of the initial experiment did not allow the reduction of the signal to be assigned unequivocally to the migration of the lymphocytes because the concentration of the luciferin also diminishes during the 75 min of examination. To better assign the basis of the reduction of luminescence to the migration of the luc + cells, a second experiment was performed with four recipient mice. Two were injected with 1 × 10 6 luc + MΦs (LPMs), a third with 2 × 10 5 B-1a cells, and fourth mouse serving as a control was injected only with luciferin. In this experiment, the mice were subsequently injected with 10 μg of Tau 623-628 and luciferin. Bioluminescence was measured immediately after the injection of luciferin and 5 min later. After 30 min the mice were reinjected with luciferin and the resultant luminescence measured. A similar injection and measurement was done after 60 min. The multiple injections of luciferin kept the drug level close to saturation during all measurements, so that any changes were caused by migration and trafficking. Using 1 × 10 6 LPMs produced a vivid signal at all time points, the details of which were similar to that observed in the initial experiment, increased distribution of light with time, along with a concentration in an area over inguinal lymph nodes (Fig.  3C ). In the mouse receiving the B-1a cells, a less-intense signal was observed, but nevertheless evidence of exodus of the luc + cells from the peritoneum was apparent (Fig. S4) . When photons per second over the full body of each mouse were measured and plotted versus time, there was a proportional increase in signal as a function of time. In the case of the area corresponding to the inguinal lymph nodes, there was close to a 10-fold increase in luminescence from the measurement at 5-60 min (Fig. 3D) . Collectively, the imaging experiments establish that the amyloidogenic peptides induce a migration of both B-1a cells and LPMs from the peritoneum to the inguinal lymph nodes. To further examine how amyloid fibrils induce an exodus of B-1a cells and LPMs, a series of experiments was performed using IL-10 reporter mice in which IL-10 and GFP are connected via an internal ribosome entry site (IRES) to create a bicistronic message marking IL-10-secreting cells with fluorescence (33) . Because LPS is known to induce B-1a cell migration from the peritoneum to the spleen, the effects of the amyloid fibrils were compared with those effects observed with the TLR4 ligand (34, 35) . To allow for maximal changes in IL-10 transcription, and because the resulting GFP is relatively long-lived, the experiment was designed to confirm exodus, and to identify possible sites of migration. Because previous experiments established that ∼80% of the B-1a and LPMs exited the peritoneum at 5 h, time points for analysis were chosen at 30 min and at 24 h after injection of the fibrils. Three groups of three IL-10 reporter C57BL/6 female mice were injected with 10 μg LPS, 10 μg Amylin 28-33, or buffer alone, and after 5 or 24 h the peritoneal cells were lavaged, the spleen and inguinal and axillary lymph nodes were dissected with the lymph nodes being pooled, and single cell suspensions were prepared and delineated using 10-color, 12-parameter high-dimensional analysis (Fig. S5 A and B) . Similar cells and tissues also were taken from three wild-type mice as additional controls. Injection of LPS not only increased the relative numbers of IL-10-secreting B-1a cells (from ∼25% to ∼40% in 24 h), but it also induced higher levels of IL-10, as evidenced by higher levels of GFP median fluorescence intensity.
In
+ B-1a cells and LPMs in the peritoneum after 24 h that was not observed with LPS (Fig. 4 and Fig. S5C ).
In the spleen, LPS induced an increase in both the number of B-1a cells and the amount of IL-10 expressed per cell 24 h after injection (Fig. 4) . Amylin fibrils did not induce an increase of the B-1a cells in spleen, but rather an apparent reduction in both numbers and IL-10 expression. The opposite pattern was observed in the pooled lymph nodes. LPS resulted in a slight increase of B-1a cells in the pooled lymph nodes. Injection of Amylin 28-33 increased the percentage of B-1a cells in the lymph node, with an increase in the amount of IL-10 expression. In IL-10 reporter mice with EAE, an additional pattern was observed. No significant increase in B-1a cells were detected in the brain or spinal cord (Fig. S6) , consistent with the hypothesis that the B-1a and MΦ populations migrate to the secondary lymph organs, and not to the primary sites of inflammation.
The experiments using the IL-10 reporter mice revealed that both LPS and the fibrils activated B-1a cells, SPM, and LPM, inducing IL-10 gene expression and subsequent exodus from the peritoneum. However, the magnitude of the increase and the details of the directions of migration differ. As previously reported, LPS activates the B-1a cells, resulting in greater production of IL-10 and migration to the spleen (25) , whereas the fibrils predominantly induced migration to the lymph nodes. Interestingly only B-1a cells expressing CD80/86 secrete IL-10, and IL-10-secreting B-1a cells were found in lymph nodes of normal animals with the relative number increased with injection of amylin fibrils. The flow cytometry experiments establish that the amyloidogenic peptides activate both B-1a cells and LPMs, resulting in both cell types trafficking to the draining lymph nodes. 
Differential Gene Expression in B-1a Lymphocytes and MΦs Induced
by Amyloid Fibrils. The migration of B-1a cells and LPMs after the injection of amyloid fibrils was consistent with the activation of both cell types. However, the receptors for the fibrils has not been defined for either the B-1a cells or the peritoneal MΦs. Unlike migration induced by LPS stimulation, the fibrils composed of the peptides do not bind to TLR2 or MD2/TLR4. A set of over 15 different amyloidogenic peptides was screened for binding to commercially available HEK cells transfected with murine TLR2 or MD2/CD14/TLR4. The transfected cells contained a secretable form of alkaline phosphatase under the control of an NF-κB promoter. None of the amyloid fibrils composed of the varying peptides was positive in this assay (Fig. S7) .
To confirm and increase the understanding of how the fibrils are activating the peritoneal cells, differential gene induction in purified B-1a and LPMs was analyzed. Making such measurements was complicated by the fact that LPS and the fibrils induce a rapid migration of the relevant cells from the peritoneal cavity, and consequently a high percentage would not be isolated by lavage an hour after injection. To minimize the population bias, and yet allow sufficient time for the fibrils to induce gene expression, cells were isolated between 30 and 40 min after injection of LPS or the amyloidogenic peptides. Consequently, the analysis is limited to gene expression in the 30-40 min after stimulation. Peritoneal cells from groups of three C57BL/6 female mice were isolated after injection with either LPS, fibrils composed of Amylin 28-33 or Tau 623-628, or buffer control. B-1a cells (CD19 hi CD5 + CD23 -) and LPMs (CD11b hi MΦs) from the four groups of three mice were sorted into TRIzol, RNA extracted, and gene expression measured using a murine Agilent whole-genome expression microchip. Differential gene expression of the B-1a and LPMs was calculated by subtracting the gene expression data from cells isolated from mice injected with buffer from expression data from mice injected with LPS or the amyloid fibrils (Fig. 5A ). All microarray data are available at the Gene Expression Omnibus (GEO) database (GEO series accession no. GSE73026).
The pattern of gene expression induced by LPS is well characterized in both cell types binding to CD14/TLR4 (36, 37) , resulting in the induction of a wide spectrum of proinflammatory mediators, such as IL-6, TNF-α, type 1 IFN, Serpins, IL-1α and -β, chemokines CXCL10, CXCL3, MYD88, and over 50 genes known to be induced by RelA/p65 NF-κB (38) . In peritoneal MΦs amyloidogenic peptides stimulated a distinctly different set of genes from those induced by LPS. To portray the variation, a heatmap of the correlation of a set of 730 annotated genes induced by LPS in MΦs demonstrates the gene-expression signature induced by the two amyloidogenic peptides is similar and distinct from the pattern generated by injection with LPS (Fig. 5A) . The majority of genes preferentially induced by the fibrils corresponded to MΦ stimulation, cytokine production, oxidative phosphorylation, and mitochondrial dysfunction pathways. The oxidative phosphorylation pathways were induced, demonstrated by the expression of a large number of mitochondrial genes composing the five complexes involved in mitochondrial electron transport and ATP production, characteristic of amyloid fibril interactions with mitochondria (39) .
In the case of B-1a cells, a less-vivid difference between LPS and the peptides is seen, but the patterns induced by the two types of fibrils are distinguishable from that of LPS. In contrast, with MΦs, LPS and the amyloidogenic peptides both induced a pattern of expression characteristic of B-cell activation. The amyloidogenic peptides stimulated expression of a set of proteins involved in signalosome formation (raftlin, CDC42, CDC42 small effector protein), calcium release (stim-1, orai-1 and -3), BcR (CD79, Syk, Lyn, PI3K, Akt, m-Tor, Bcl2A1d, c-src, PTEN, and Vav-1), and CD40 signaling (Traf-2, -4, and -5), all of which are known to induce NF-κB activation. Even though the LPS and amyloidogenic peptides induced a large number of similar genes involved in lymphocyte activation, a clear distinction could be observed, with the amyloidogenic peptides inducing a set of immunosuppressive proteins, such as B-and T-lymphocyte attenuator (BTLA), interferon regulatory factor 4 (IRF4), and Siglec G.
To confirm the gene-expression data from the chip, a set of genes was analyzed by quantitative PCR (qPCR) (Fig. 5 B-D) . In these experiments RNA was isolated from B-1a, large and small MΦs using identical methods and similar times after injection of the stimulants, as was done for the microarray. Consistent with the pathway analysis of the chip data, IL-6, TNF, IL-1β, and IFN-β1 were significantly induced by LPS in the peritoneal MΦs, and minimally by the peptide fibrils. Interestingly, the SPMs (CD11b + F4/80 lo/− ΜΦs) uniformly expressed a greater amount of the inflammatory genes, particularly IL-1β, than the LPMs (CD11b   hi   F4/80 hi MΦs). In the peritoneum, SPMs compose less than 10% of the MΦ population, are not the dominant cell type that endocytose the fibrils, nor do they represent the major depleted population of cells after injection of LPS or the fibrils. In contrast, the fibrils induced a set of genes associated with immune regulation, BTLA, Siglec G, and IRF4 in B-1a cells, and CD274 in LPMs. LPS induced some, but not all of these genes. The third set of genes analyzed were those known to be associated with cell activation. CD40, CD80, CD86, and semaphorin 4D were induced by both LPS and the fibrils in B-1a cells and both types of MΦs. CD83 was induced by both stimuli principally on the MΦs, whereas CD79a and Raftlin were induced on the B-1a cells.
The pattern of gene expression indicated that both types of amyloid fibrils activated the B-1a cells and both populations of the peritoneal MΦs (SPM and LPM). IL-10 gene expression was increased in both B-1a and LPMs, two of the cell types shown to traffic to lymph nodes. The induction of BTLA and Siglec G in the B-1a cells would increase their immune regulatory phenotype. The expression of IL-10 in the LPMs is consistent with the conversion of these cells to a M2 phenotype, also believed to suppress inflammatory responses.
Nasal Delivery Retains the Therapeutic Efficacy of the Amyloidogenic
Peptides. Peritoneal injection is not a practical route of drug administration for activation of B-1a cells in humans. However, B-1a cells also are plentiful in the pleural cavity of both mice and humans (40) . To examine whether this alternative route of administration is both practical and sufficient for treatment, 10 μg Amylin 28-33 was administered daily intranasally to groups of 10 C57BL/6 mice with EAE. The paralytic signs of the disease were reduced in a fashion equivalent to that seen when the amyloidogenic peptide is injected intraperitoneally (Fig. 6A) . In addition, splenocytes from peptide-treated mice exhibited a reduction in secretion of proinflammatory cytokines, IL-6, IFN-γ, IL-2, and IL-17, in response to myelin oligodendrocyte glycoprotein (MOG ) challenge in vitro, compared with control (Fig. 6B) , a pattern identical to when Amylin 28-33 was injected (1) .
The success of the intranasal delivery is consistent with a mode of action in which the B-1a cells play a central role, but also establish a potential route of administration that can be used in clinical trials in human patients.
Discussion
Amyloid fibrils composed of amyloidogenic peptides exhibit a wide spectrum of biological activities, the sum of which results in an immune-suppressive response of sufficient magnitude to be therapeutic in a robust model of multiple sclerosis. As molecular chaperones, they bind a spectrum of proinflammatory mediators in plasma (1) . In blood they are endocytosed by neutrophils, which induce the production of nets, which in turn induces plasmacytoid dendritic cells to secrete type 1 IFN (2). In this paper, a third mode of action is defined wherein the fibrils bind and activate both B-1a lymphocytes and a subset of peritoneal MΦs known as LPMs (4), which are induced to increase IL-10 transcription and migrate out of the peritoneum to secondary lymph organs. The exodus results in the selective delivery of IL-10 to immunological sites shared with inflammatory T lymphocytes and their complementary antigen-presenting cells. IL-10 is known to effectively inhibit both inflammatory cell populations, with reduction of the production of proinflammatory cytokines, IL-6, TNF-α, and IFN-γ (41). This reduction of cytokines was the hallmark of the immune suppression induced in EAE by the amyloidogenic peptides (2) . The peritoneal cells do not appear to migrate to the sites of inflammation in the CNS, and consequently do not need to cross the blood-brain barrier.
Knockout mice were central to establishing the mechanism. The inability of the peptide amyloid to reduce inflammation in B-cell-deficient μMT mice with EAE highlighted the importance of B cells. Flow cytometry and fluorescent microscopy were used to establish that in the peritoneum the relevant target in the B-cell population was B-1a lymphocytes, a known secretor of IL-10 (9, 10). Additional support for the role of IL-10-secreting B-1a cells was the failure of IL-10 −/− mice with EAE to respond the amyloid therapy. Further support for the role of IL-10-secreting B-1a cells in the mechanism of action came from classic adoptivetransfer experiments. The adoptive transfer of purified B-1a cells into μMT mice converted the B-cell-deficient mice from nonresponders to responders to the amyloidogenic peptides. An important point was that the transfer of the B-1a cells alone did not reduce the paralytic signs of EAE. The signs were reduced only after injection of the fibrils, which were shown to activate the transferred population.
Once activated, both the B-1a lymphocytes and the LPMs leave the peritoneum, but their trafficking patterns are less clear. Previous studies established that LPS activation of B-1a cells resulted in trafficking from the peritoneum to the spleen (35). Tedder and colleagues have shown activation of a splenic population of and the levels of cytokines IL-6, IFN-γ, IL-2, and IL-17 were measured (n = 3). Values in graph represent mean ± SEM; *P < 0.01, **P < 0.001, and ***P < 0.0001 by Student's t test.
regulatory B cells that migrate to draining lymph nodes (19, 24, 42) . Using real-time measurement of the trafficking of adoptively transferred luminescent B-1a cells and LPMs revealed that activation with the amyloid fibrils resulted in migration to inguinal lymph nodes. Flow cytometric studies using IL-10 reporter mice supported both the timing and the location of the trafficking. The receptors for the fibrils has not been defined for either the B-1a cells or the peritoneal ΜΦs. However, the fibrils composed of the peptides do not bind to TLR2 or CD14/MD2/TLR4 expressed in HEK cells (Fig. S7) .
In the case of an intraperitoneal injection, the activation of the peritoneal cells would be expected to precede any biological activity stimulated by the fibrils in serum, and consequently should contribute to a greater percentage of the response. The proposed mode of action is consistent with the relatively long pharmacokinetics and pharmacodynamics of the amyloidogenic peptides. The fibrils themselves will have an expected half-life measured in minutes. However, the fibrils activate a set of peritoneal cells, which are the therapeutic agents and migrate to the secondary lymph organs, where they secrete immune-suppressive IL-10. The cells do not appear to traffic to the sites of inflammation in the spine and the brain in mice with EAE and do not cross the blood-brain barrier, which is consistent with the documented scarcity of B lymphocytes in EAE lesions (43) . The fate of the activated B-1a lymphocytes and the LPMs reflects the pharmacodynamics of the therapy, and not the fate of the amyloidogenic peptides. Similarly in the pharmacokinetics of the response, the 1-or 2-d delay in the reduction of the paralytic signs after the injection of the fibrils reflects the time necessary for the activation and migration of the peritoneal cells, combined with the immune suppression of a sufficiently large percentage of the inflammatory T lymphocytes. Reciprocally, cessation of therapy results in a 24-to 72-h delay in the return of the paralytic signs, which is consistent with the half-life of the immune suppression induced by the IL-10-producing cells, and not the half-life of the fibrils. In many respects the therapeutic effects of the fibrils resemble pharmacokinetics of adoptive cell therapy rather than a classic small-molecule therapeutic. The proposed mechanism of the migration of the immune-suppressive cells to secondary lymph organs, where they suppress both circulating inflammatory antigenpresenting cells and T lymphocytes, is consistent with published studies on B-regulatory cells (21, 44) . The mechanism also argues that this therapeutic approach might be beneficial in a number of systemic inflammatory indications.
The fibrils induce a concomitant inflammatory response, most evidently in the SPMs, with induction of IL-1β, TNF-α, and IL-6. Why this response does not dominate the immune-suppressive effects can best be explained by the large excess of LPMs and B-1a lymphocytes and their greater propensity to rapidly traffic out of the peritoneum to the secondary lymphoid tissues.
The effective therapy with the nasal administration of the fibrils bodes well for translation to human therapy. The known predominance of B-1a lymphocytes in the pleural cavity predicts that such a route might be successful, and that peptides can be readily administered as powders, making inhalation a practical alternative to an injection.
To our knowledge, the amyloidogenic peptides are the first therapeutic that targets regulatory B cells. The extensive list of indications in which this population of cells limits inflammation is supportive of the potential for the strategy of using the amyloid fibrils in a spectrum of inflammatory diseases.
Methods
Induction of Active EAE in Mice by Immunization with MOG and Adjuvant. EAE was induced in female wild-type C57BL/6 mice or μMT and IL-10-deficient mice on C57BL/6 background (Jackson Laboratories) by procedures previously described. Briefly, EAE was induced at 9 wk of age by subcutaneous immunization in the flank with an emulsion containing 200 μg MOG (MEVGWYRSPFSRVVH-LYRNGK) in saline and an equal volume of complete Freund's adjuvant containing Adoptive Transfer of B-1a Lymphocytes. B-1a lymphocytes were purified by cell sorting of peritoneal cells from wild-type C57BL/6 mice. Ten days following induction of active EAE in μMT mice, 3.5 × 10 5 B-1a cells were transferred into the peritoneal cavity. Mice were treated with 10 μg Amylin 28-33 or PBS daily for 14 d. Control μMT mice with EAE were treated with 10 μg Amylin 28-33 without transfer of B-1a lymphocytes. Mice were examined daily for clinical signs of EAE and were scored on a five-point scale described above.
Microscopy. C57BL/6 female mice were injected with FITC-Tau 623-628, and peritoneal cells were isolated after 10 min, washed, stained with rat antimouse CD19 (PE), F4/80 (Alexa Fluor 647), and DAPI, washed, and plated on poly-lysine-coated microscope slides. Cells were visualized using a Leica TCS SP8 white light laser confocal microscope. To confirm the diminution of luminescence was a result of the trafficking of the luc + cells, and not the degradation of the luciferin, two C57BL/6 albino mice were injected with 10 6 luc + peritoneal MΦs, a third with 2 × 10 5 B-1a cells, and a fourth mouse serving as a BLI control was injected with luciferin only. The mice were subsequently injected with 10 μg of Tau 623-628 and 0.3 mg/g of luciferin. Bioluminescence was measured immediately after the injection of luciferin and 5 min later. After 30 min the mice were reinjected with luciferin and the resultant luminescence measured. A similar injection and measurement was done after 60 min. The multiple injections of luciferin kept the drug level close to saturation during all measurements, so that any changes were because of cell movement. Mice were imaged using an IVIS100 charge-coupled device (CCD) imaging system (Xenogen). Imaging data were analyzed and quantified with Living Image software 4.4 (Xenogen).
Peptide Synthesis and Preparation of FITC-Tau. Peptides were synthesized using solid-phase techniques and commercially available Fmoc amino acids, resins, and reagents (PE Biosystems and Bache) on an Applied Biosystems 433A peptide synthesizer, as previously described (45) . Purity of the peptides was shown to be greater than 90% using a PE Biosystems 700E HPLC and a reverse-phase column (Alltech Altima). The molecular weight of the peptides was confirmed using matrix-assisted laser desorption mass spectrometry.
To prevent excess amounts of fluorophore in the fibrils, Tau 623-628 was mixed at a ratio of 10:1 with an analog with FITC attached to the amino terminus of Tau 623-628 with an amino caproic acid linker. The resulting fibril mixture is referred to in the text as FITC-Tau.
RNA Isolation, Chip Hybridization, and qPCR. Total RNA was extracted from FACS-purified B-1a lymphocytes and peritoneal MΦs pooled from three to six C57BL/6 female mice injected with 10 μg of LPS, Tau 623-628, Amylin 28-33, or PBS using TRIzol reagent and the Qiagen RNeasy micro kit. First-strand cDNA was synthesized with 30-50 ng of total RNA using SuperScript III firststrand synthesis supermix for qRT-PCR. qPCR assays were performed using the 7900HT Fast Real Time PCR System (Applied Biosystems), and the Taqman Gene Expression Arrays (Applied Biosystems) using commercially available primers (ABI). All assays were performed according to the manufacturer's instructions. The comparative Ct method for relative quantification (ΔΔCt) was used to compare gene expression. Housekeeping-gene expression was used to normalize expression using the following equation: normalized expression = 2
[Ct (house-keeping gene) -Ct (gene)] .
Gene-expression changes associated with treatment with LPS, Amylin 28-33, and Tau 623-628, were quantified using a microarray (SurePrint G3 Mouse; Agilent Technologies). RNA quality was shown to be suitable for microarray experiments (2100 Bioanalyzer, Agilent Technologies). Analysis and quantitation of the data were done using GeneSpring and Ingenuity software.
Flow Cytometry. Peritoneal cavity cells were obtained by flushing the peritoneal cavity with 10 mL of cold PBS containing 0.1% BSA and 5 mM EDTA. Single-cell suspensions were stained with the following fluorochome conjugates: CD5 (PE Cy5, PE, or APC), CD19 (PE Cy5.5, Pacific Blue, or APC), CD11b (Pacific blue or PE), F4/80 (APC), CD21 (APC), CD23 (PE), Gr-1 (PE Cy7), B220 (APC-Cy7), CD80/86 (biotin-Qdot605-streptavidin), CD4 (FITC), CD3 (PerCP-Cy5.5), and IgM (Alexa Fluor 700). Sorting of cells used a FACS-Aria or a Fortessa (BD) equipped with four lasers and optics for 22-paramenter analysis. Analysis was done using FlowJo.
TLR Binding Assays. Commercially available HEK293 cells transfected with murine TLR4, MD-2, CD14, or TLR2 and an inducible secreted embryonic alkaline phosphatase (InVivoGen) were plated in a 96-well plate. The secreted embryonic alkaline phosphatase (SEAP) reporter gene in the cells is under the control of an IL-12 p40 minimal promoter fused to five NF-κB and AP-1 binding sites. Stimulation with either a TLR4 or TLR2 ligand activates NF-κB and AP-1, which induces the production of SEAP. Levels of the secreted alkaline phosphatase measured in the cell culture medium are proportional to the stimulation of the TLR pathway. Background levels are measured using HEK-Blue Null cells, which are transfected with the alkaline phosphatase but not the TLR receptor. The TLR4-transfected cells were grown to confluence and 2, 1, 0.2 μg of LPS, or 10 μg of a set of amyloidogenic peptides were added to each well in duplicate in HEK-Blue detection medium (InVivoGen). In the case of the TLR2 transfected cells, PAM2CSK4 was the positive control, and only 2 μg of LPS were assayed. The plates were incubated for 12 h at 37°C, and the resulting blue color measured by reading the absorption at 650 nm.
